Abstract-Multiplication and avalanche excess noise measurements have been undertaken on a series of AlInP homojunction p-i-n and n-i-p diodes with i region widths ranging from 0.04 to 0.89 µm, using 442 and 460 nm wavelength light. Low dark currents of <170 nA cm −2 at 95% of breakdown voltage were obtained in all the devices because of its wide bandgap and there was no tunneling dark current present even at high fields >1000 kV/cm. For a given multiplication factor, the excess noise decreased as the avalanche width decreased due to the dead-space effect. Using 460 nm wavelength light, measurements showed that a separate absorption multiplication avalanche photodiode with a nominal multiplication region width of 0.2 µm had an effective k (hole to electron ionization coefficient ratio) of ∼0.3.
I. INTRODUCTION
O PTICAL underwater communication systems require a high-sensitivity detector with a peak responsivity at approximately 480 nm, as this corresponds to the maximum transmittance in seawater [1] . There are several semiconductor materials which can detect light at 480 nm, such as Si and GaP [2] , [3] , however these also have a broad spectral response and so will be sensitive to the presence of extraneous light sources at other wavelengths. Using these broadband detectors will require optical band-pass filters with a high rejection ratio and center wavelength of ∼480 nm, which add cost and complexity to the system. Consequently an inherently narrow spectral response photodetector is preferred. Zhang et al. [4] demonstrated that an Al 0.52 In 0.48 P (hereafter AlInP) PIN photovoltaic detector with a Ga 0.52 In 0.48 P p + cladding has a peak spectral response at 480 nm and a full-width-half-maximum (FWHM) of 45 nm. Later, Cheong et al. reported on the photo-response of an AlInP homo-junction PIN diode with a narrower FWHM of 22 nm and an effective responsivity of 18 A/W, with a multiplication factor of 167 at ∼480 nm [5] . This was achieved by employing thick p + AlInP cladding, which yields small FWHM but has the undesirable effect of the peak responsivity. Exploiting multiplication factor from the diode however allow them to eventually achieve excellent responsivity value in [5] . Although avalanche multiplication can increase the sensitivity of an optical receiver, the maximum useful gain is ultimately limited by the associated excess noise that originates from the stochastic nature of the impact ionization process. For thick avalanching structures, where the carriers can be assumed to be in equilibrium with the electric field, the excess noise factor (F) was described by McIntyre [6] as
where k = β/α for the case of pure electron initiated multiplication. α and β are ionization coefficients for electrons and holes respectively and they are the reciprocal of the average distance that a carrier travels before initiating an impact ionization event.
The ionization coefficients measured by Ong et al. [7] showed that β/α is 0.4 -1.0 over the electric-field range of 400-1300 kV/cm consequently equation (1) would suggest that AlInP should exhibit high excess noise and that any amplification of the photocurrent due to impact ionization would be matched by an almost similar increase in the excess noise, thereby not improving the overall sensitivity of the system. However, it is now well known, both experimentally and theoretically [8] - [10] that, for a given M, the excess noise reduces with decreasing avalanche layer thickness due to the increasing significance of the carrier 'dead space', defined as the minimum distance a carrier has to travel in the direction of the electric-field to gain the ionization threshold energy. This dead space has the effect of reducing the randomness in where carriers ionize and hence reduces the excess noise. The beneficial effects of the dead-space increases as the avalanching width reduces and the lower limit that can be practically utilized is determined by dark currents due to quantum mechanical tunneling across the band gap at high electric fields, i.e. the tunneling current. Being the widest bandgap material which can be grown lattice matched to GaAs, and having an indirect band gap, AlInP is expected to have negligible tunneling effect even at high-fields >1MV/cm and therefore it should be possible to utilize a thin avalanche layer to give low dark currents and low excess noise simultaneously.
There are however no experimental reports of excess noise for AlInP. In this letter, we present excess noise data obtained from a series of AlInP PIN and NIP diodes with nominal avalanche layer thickness ranging from 0.04 to 1.0 μm. Excess noise measurements of a Separate-Absorption and 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Multiplication APD (SAM-APD) with a nominal 0.2 μm avalanche layer are also reported.
II. SAMPLE DETAILS AND CHARACTERIZATION
The series of diodes used in this work include the three homo-junction PINs and a NIP structure with nominal i region widths, w of 0.2, 0.5, 1.0, and 0.8 μm, respectively, previously reported in the work of [7] . This work also includes a PIN which has a nominal i region thickness of 0.04 μm and the SAM-APD reported in [5] . To ensure that the incident light is not attenuated by the 50 nm heavily doped GaAs contacting layer, it was selectively etched from the central window region of the circular mesa devices. As excess noise measurements can be sensitive to any 'mixed' carrier injection into the high field region, the mesa sidewalls were passivated and covered by metal to prevent any edge illumination during the measurement.
From the dark current-voltage measurements, no tunneling current was observed even in the thinnest (w = 0.04 μm) diode structure. Capacitance-voltage (C-V ) measurements revealed that the doping densities in p + and n + claddings in all structures are ∼ 3 × 10 17 cm −3 and ∼ 4 × 10 18 cm −3 , similar to those reported in [7] . Using the C-V data and solving Poisson's equation, electric field profiles in these structures were simulated at their corresponding breakdown voltages, as shown in Fig. 1 . The total depletion widths are thicker than the nominal i thicknesses due to the relatively low doping densities in the p + claddings which results in a significant depletion into the p + cladding layers, especially in the thinnest PIN. For simplicity, we will refer to just their nominal thicknesses in the subsequent text. Using a white light source and a monochromator, the peak of the spectral response in all the devices was found to be ∼ 480 nm with a FWHM of ∼22 nm.
III. RESULTS
Multiplication and excess noise measurements were undertaken using a 442 nm He-Cd laser and a Thorlab LED470L LED with a 460 nm peak emission [11] . The latter offers the closest emission wavelength available in commercial LEDs with a reasonable output power to 480 nm. The measurements were performed using the setup described in Lau et al. [12] . The transimpendance amplifier (TIA), based on the Analogue Devices AD9631 with a gain of 2200 V/A (unterminated) was used to convert current into a voltage. The output of the TIA was then amplified by the Minicircuits ZFL-500LN+ and fed into a bandpass filter SBP-10.7+, which had a pass band centred around 10 MHz and a bandwidth of 4.2 MHz.
The excess noise factor, F, obtained using the expression:
where a is a correction factor, I is the multiplied photocurrent, B ef f (C si ) is the effective noise bandwidth of calibrating Si photodiode and B ef f (C DU T ) is the effective noise bandwidth at the device under test's capacitance. To ensure the dark current does not affect the measurements especially at high gains, optical sources were modulated and the resulting photocurrents and noise power were measured using lock in amplifiers.
To determine if the multiplication characteristics obtained from these light sources are initiated by a single carrier type or otherwise, the absorption profiles for 442 and 480 nm wavelength photons in AlInP were calculated using the absorption coefficients from [13] as illustrated in Fig. 1 . For 442 nm wavelength, >99.9% of photons are absorbed in the 1.0 μm top doped cladding layer, giving virtually pure electron (or hole) initiated multiplication. For the 460 nm emission from the LED, due to the relatively short diffusion lengths in the doped AlInP, most of the photocurrent is contributed by the longer wavelength components of the LED spectrum absorbed within the depletion region. This results in a significant mixed carrier multiplication characteristic. Fig. 2 shows the multiplication characteristics obtained in the PINs (NIP) plotted as log(M−1), to emphasize the low field multiplication characteristics. As β/α ∼ 0.7, even at low fields, the difference between 442 nm and 460 nm appears almost indistinguishable, especially in the thinner avalanching structures. The maximum gain in these devices is ∼20 probably due to un-optimized etching process in these mesa devices, resulting in high electric field at the mesa edges [14] . Fig. 3 shows the dark current, photocurrent and multiplication for the AlInP SAM-APD using the 460 nm LED. The dark current is less than 10 pA at 99 % of the breakdown voltage for a 210 μm radius device. Such a low dark current in the device allows the direct measurement of photocurrent even when the optical power was attenuated by 10 7 down to ∼1 pW. There is no tunneling current despite the peak electrical field exceeding 1 MV/cm and the multiplication -voltage (M-V ) curve shows a gain of 90 can be obtained. The multiplication here however, was measured using only the 460 nm LED as due to the thick cladding and absorption regions, most of the photons were absorbed before entering the high-field region and therefore can be assumed to be initiated by electrons only. Fig. 4 shows the excess noise-multiplication characteristics for the AlInP PIN and NIP structures using 442 nm laser illumination. Also shown are the excess noise characteristics for the thickest PIN and NIP, together with the results from the SAM-APD obtained using 460 nm illumination. The grey lines correspond to the McIntyre noise theory based on the β/α (k) ratio. The excess noise factors of the mixed injection (460 nm) are higher than the pure electron injection (442 nm) in the 1.0 μm PIN structure as the contribution of holes to the multiplication process is detrimental. The opposite behavior is seen in the 0.8 μm thick NIP structure where the highest noise is obtained with the use of 442 nm laser excitation with holes initiating multiplication, compared to when 460 nm was used. From the ionization coefficient ratio, k should vary from ∼0.6 for the thickest structure investigated here to ∼1 for the thinner structures, in contrast to the experimental results. Decreasing the w in the PIN structures, results in the excess noise decreasing to levels corresponding to k = 0.32 and k = 0.11, in the 0.2 and 0.04 μm structures respectively. The results of the pure injection and mixed injection (not shown) are quite similar in these thin structures, because the impact ionization coefficients α and β are almost identical when the width is less than 0.5 μm [7] . The excess noise of the SAM-APD are close to k = 0.3 as seen in Fig. 4 and in agreement with the data from the PIN with the 0.2 μm nominal i region width.
IV. MODELLING & DISCUSSION

Simulation of M(V ) and F(M)
in the presence of a deadspace can be implemented using a method initially proposed by Hayat et al. [15] or the random-path length (RPL) model [16] . The latter was used in this work. To account for the non-uniform electric field profile in these devices, the electron ionization probability density, h e (x 0 , x) which describes the ionizing probability of an electron at x 0 after travelling a distance x can be expressed as [17] h e (x 0 , x)
In (3), d e (x 0 ) is the distance of the dead-space, which is derived from the threshold energy, E the and electric field, ξ given by
By integrating (3), the probability of an electron not ionizing after travelling a distance x from x 0 , r is expressed as
where 0 < r < 1 determines the electron (hole) ionizing length. The multiplication can be easily computed after all the carriers exit the depletion width. The expressions for holes are easily obtained by replacing α * , d e and E the with β * , d h and E thh respectively. The depletion width was discretized into a suitable mesh to calculate d e (d h ) and α * (β * ). The simulation was repeated until the multiplication value converges. The excess noise factor, F is given by
The enabled ionization coefficients α * (β * ), were obtained from the local parameterized ionization coefficients, α'(β') using a simple correction [16] , where both α'(β') and d e (d h ) can be found in [18] . The simulations were done assuming a pure single carrier initiated multiplication, ie. 442 nm illumination, using the electric field profile shown in Fig. 1 . There appears to be good agreement between the simulated multiplication and experimentally determined values over a wide dynamic range, even in thinnest devices where the dead space effect is significant, as shown by the solid lines in Fig. 2 . To show this more clearly, d/w in these devices is plotted in Fig. 5 , where the dead-space occupies an increasing fraction of the device width in the thinner devices. Simulations of the excess noise also gave good agreement to the experimental results shown in Fig. 4 (not shown). To show this more clearly, effective k (as defined by the McIntyre model) is plotted against the nominal i region width, obtained from the experimental measurements and the simulations as illustrated in Fig. 5 . From this figure we can see that the excess noise of the SAM-APD is equivalent to that of a 0.2 μm PIN, despite having a much wider triangular electric field profile as shown in Fig. 1 .
The modelling also shows that in the thinnest PIN structure investigated, the effective k corresponds to 0.15, comparable to a good silicon based APD. A properly designed SAM-APD with a similarly thin avalanching region and a 2 μm thick absorbing region should therefore ensure a device with a high responsivity, low noise and a relatively low operating voltage.
Such a device with a 0.4 mm diameter (in order to achieve high responsivity) would have a capacitance of ∼ 6.2 pF when fully depleted, enabling a RC time limited bandwidth of ∼ 513 MHz at unity gain, making it suitable for underwater communication applications.
